Depression is a serious mental disorder that emerges during the adolescent years; 30% of such onsets run a chronic or relapsing course into adult life. 1, 2 There is a need to identify biological measures (biomarkers) for depression to improve the specificity of current psychosocial risk profiles, as an aid in validating early interventions and treatments as well as assessing risk for recurrence. Few biomarkers have been detected for mental disorders because of the complexity of the behavioural phenotypes and an incomplete understanding of the neurobiology of psychopathology. The limited success of genetic studies to date with modest main effects (odds ratios of 1.3 or less) 3 suggests that a more successful way forward may be to detect genetically sensitive physiological markers that index aetiological processes, treatment response and/or outcomes of mental illness. 4 Studies have tended to focus on single risk markers for mental illnesses yielding relatively low estimates of subsequent disorders. In this paper we take a more integrative approach as outlined in the National Institute of Mental Health's 2009 Strategic Plan (www.nimh.nih.gov) to identify a genetically sensitive physiological indicator of a mental illness. We investigate the effects of three potential risk factors, a common variant in two separate genes (BDNF (brain-derived neurotrophic factor) and 5-HTTLPR (the serotonin transporter gene promoter)) and one endocrine marker (morning cortisol level) each with known neurobiological functions, for onset of a new depressive episode. We carried out this investigation in the context of a set of other known risks that included family psychiatric history, gender and negative emotional temperament. We hypothesise that as BDNF, 5-HTTLPR and cortisol are known to relate to each other in neurobiologically meaningful ways 5 their interrelationships will improve aetiological understanding for the subsequent onset of depression. For example a common feature of the neurotrophic and serotonergic systems is their ability to regulate the development and plasticity of neural circuits involved in mood disorders such as depression and anxiety. Brain-derived neurotrophic factor also promotes the survival and differentiation of 5-HT (5-hydroxytryptamine) neurons. Elevated morning salivary cortisol levels index an endophenotype 4, 6 that is associated with a modest increase in risk for depression onset independently of the very large risk associated with the antecedent level of depressive symptoms or undesirable recent life events. 7 Elevated glucocorticoid levels may reduce BDNF mRNA expression in the hippocampus 8 and interfere with the ability of BDNF or serotonin-acting drugs to promote neurogenesis. 9, 10 We were therefore interested both in the effects of each polymorphism on the level of morning salivary cortisol, and in the effects of possible interactions between polymorphisms and cortisol levels on the risk of depression. Such interactions would be consistent with a moderating effect of genetic polymorphisms on the risk of depression associated with elevated cortisol levels within the normal range. 5 A common genetic variant of the BDNF gene (rs6265: Val66Met) is associated with a decrease in the activity-dependent secretion of BDNF 11 and processing of pro-BDNF to mature BDNF. A review of 14 published association studies (2812 cases and 10 843 controls) of the Val66Met variant in the BDNF gene in adults with unipolar major depression showed very modest associations for males only. 12 There is also the suggestion that the more common Val66Val ancestral form may be implicated in early (520 years) mood disorder. 13 These discrepancies may 15, 16 Currently there is no consensus on the precise relationship between the variants in this BDNF polymorphism (rs6265: Val66Met) and risk for affective disorders emerging at different ages.
A second common variant, the short ('s') as opposed to the long ('l') polymorphism in 5-HTTLPR is postulated to be associated with affective disorders via interactions with the number of adverse life events to predict depression, which has been supported in a recent meta-analysis provided that the method for the retrospective collection of recent life-events experience uses comprehensive semi-structured interview methods and not brief questionnaires. [17] [18] [19] Our recent prospective study 20 of at-risk adolescents indicates that increased levels of morning waking salivary cortisol are associated with the onset of depression in the presence of the 's' allele of 5-HTTLPR suggesting that this variant increases sensitivity to this hormone. There is no information on whether BDNF variants independently influence individual sensitivity to cortisol thereby altering the risk for subsequent depression. If either of these were the case, then it would further refine the characteristics of a biomarker for depressive disorders, an aetiologically heterogeneous group of mental illnesses. This paper reports an investigation into the effects of BDNF with morning cortisol on the subsequent onset of a new depression episode taking the effects of 5-HTTLPR and other risks into account, including premorbid depressive symptoms and the occurrence of an adverse life event, both well-known to be associated with subsequent new depressive episode onset.
Method Participants
A sample of 401 medically well White European adolescents aged 12 to 16 years at psychosocial risk for unipolar major depression (DSM-IV) 21 were recruited from 11 secondary schools in the Cambridgeshire region of the UK. The study was approved by the local ethics committee and written informed consent for participation from the adolescent and one parent or guardian was obtained. Participants were recontacted 12 months later and 365 (91%) agreed to a mental state re-evaluation. There were no major differences (P40.1) between the retained sample and those who were not followed up in terms of demographics (age, gender), risk status, morning cortisol levels, and mean level of depressive symptoms or distribution of the BDNF and 5-HTTLPR alleles.
Psychosocial risk profile
Psychosocial risk was defined as having a parent with a psychiatric history (216, 54%), or two or more other risks consisting of: two bereavements over the young person's lifetime (192, 48%), a negative emotional temperament (133, 33%), chronic (46 months) marital disharmony or parental separation (186, 46%), two recent undesirable life events or difficulties with family or friendships over the past 12 months (121, 30%). We made no attempt to stratify the sample by number of risks or type, but retained the risk score (number). The sample is not representative of the Cambridgeshire school population. As a condition of ethical approval those with a recent (past 2 years) history of overt maltreatment or who were on the UK child protection register were also excluded.
Psychopathology measures
At entry the adolescents completed a semi-structured psychiatric interview, the Schedule for Affective Disorders and Schizophrenia for School-Age Children -Present and Lifetime Version (K-SADS-PL). 22 Those with current or recent (past 3 months) depressive disorder were excluded from the study to restrict outcomes to new depressive episodes only. Individuals with three or four depressive symptoms but who did not meet clinical criteria for unipolar depression (n = 18) were retained. Individuals were assessed for all disruptive behavioural and anxiety disorders and retained. Participants were reassessed at 12 months using the same measures and all episodes of DSM-IV-defined major depression and probable major depression over the follow-up period (four symptoms together with psychosocial impairment defined as a Children's Global Assessment Score of 560) 23 were established together with new and persistent episodes of anxiety and behavioural disorders. All participants were administered a 33-item self-report measure of current depressive symptoms, the Mood and Feelings Questionnaire (MFQ), 24 at entry: 385 (96%) provided useable data. This questionnaire has established criterion-related validity for use in adolescents with depression. 25 The internal consistency reliability estimate in this sample was high (Cronbach a = 0.96) and the marginal reliability under item-response theory (IRT) exceeded 0.9. The sum score correlated 40.95 with IRT-based estimates.
Recent life events
At follow-up, a life-events interview was completed by the adolescents. Recent events were included for analysis if they were rated by the adolescents as having a moderate to severely undesirable impact on themselves lasting at least 2 weeks and occurred in the month immediately prior to onset as these are associated most with depression onset in young people. 7 Those deemed possibly not severe, low in impairment or likely to have been brought about by illness-related behaviours were excluded (55%). A panel of raters (n = 4) checked all life-events ratings and where ratings were ambiguous a consensus rating was made. Panel raters were independent of the interviewer who collected the information on events and did not know whether the adolescent had received a diagnosis at the time of their rating. Test-retest (2 weeks, n = 40) reliability for all events (k40.85) and agreement with parent report (k = 0.9) were satisfactory. Research interviewers also showed good general agreement with each other (90%) and with adolescents' subjective ratings of level of undesirability (k = 0.8). This semi-structured procedure evaluating the quality and number of such events is considered a more appropriate procedure for genetically sensitive studies than using simple, self-completion checklists. 18 
Cortisol assay
Participants provided samples of saliva at 08.00 h and recorded their waking time on 4 consecutive schooldays within a week of the interview (99% 2 days, 98% 3 days, 95% 4 days). Mean time between waking and morning salivary cortisol collection was 50 min. Cortisol was measured by ELISA on 20 ml samples of saliva without extraction (antibody Cambio UK). Intra-assay variation was 5.7%; inter-assay variation was 5.6%. Results are reported in ng/ml.
Genotyping
Their DNA was harvested from a separate saliva sample (Qiagen, Crawley, UK) also collected at entry and genotyped for 5-HTTLPR and BDNF. The 5-HTTLPR region was genotyped as described elsewhere. 20 The frequency of the common Val66Met (rs6265) BDNF polymorphism was determined commercially (Geneservice, Cambridge UK, www.geneservice.co.uk) using a custom-designed assay (Applied Biosystems, www.appliedbiosystems.com).
Statistical analysis
We determined whether individual differences in morning salivary cortisol levels were influenced by genetic variants in BDNF and 5-HTTLPR using mixed-effects linear regression computing the intraclass correlation using STATA version 10 for Windows. This is reported in the online Table DS1 . We predicted depression onsets using a multiple logistic regression model, 26 implemented in R for Windows. 27 The binary outcome was the onset of a DSM-IV major depressive episode at any point over the follow-up period of 1 year. Morning salivary cortisol level, MFQ score and total number of risks at study entry were entered as continuous variables. The presence or absence of one or more undesirable life event in the month prior to new episode onset was included as a categorical variable. Our model included main effects for all variables, including BDNF and 5-HTTLPR, together with twoway interactions between BDNF and cortisol and between 5-HTTLPR and cortisol. We did not include the two-way interaction between BDNF and 5-HTTLPR as we were primarily interested in their interactions with cortisol; however, we note that such an interaction, if present, would bias our estimates of the main effects of the two polymorphisms and their interactions with cortisol. We considered a possible three-way interaction between BDNF, 5-HTTLPR and cortisol but did not test this as the overall model fit was inferior as measured by Akaike's information criterion (AIC). The online tables (DS2-4) report the robustness of the final model to further adjustment/confounding by three variables: a grouping variable for those (n = 18) with subclinical depressive symptoms at study entry, and participant gender and age at entry.
We performed a post hoc power estimation for the logistic regression analysis using a bootstrap procedure. We repeated the procedure 1000 times and estimated the proportion of significant tests of the interaction terms. This approximates the power of our study taking the effect sizes to be their sample estimates. Results from traditional logistic regression are reported as unadjusted (univariate) and adjusted (multiple logistic regression) odds ratios with 95% confidence intervals. P-values for unadjusted estimates are reported using asymptotic values. Two analysts (T.C. and F.D.) independently replicated the general linear model analyses using both STATA version 10 and R for Windows.
Results
The psychosocial and clinical characteristics of the sample are shown in Table 1 . Depressive symptoms and morning cortisol levels were both significantly higher in females compared with males. At entry there were no differences in the proportion of anxiety disorders6gender but, compared with girls, boys had significantly more behaviour disorders.
Gene variants and morning cortisol
The distribution of the BDNF gene variant across the whole sample was: Val66Val n = 268 (67%), Val66Met n = 109 (27%), Met66Met n = 24 (6%) and for 5-HTTLPR l/l n = 155 (39%), l/s n = 166 (41%), s/s n = 80 (20%). These two genes are somewhat associated in this sample (exact test, P = 0.052) but as they are unlinked, this association may be a result of a selection effect in our cohort of at-risk adolescents, although this requires further confirmation. Mixed-effects linear regression showed no main effect of BDNF on morning salivary cortisol but the known main effect for 5-HTTLPR 's' allele on morning cortisol was retained 20 (see online Table DS1 ). For morning salivary cortisol the within-and between-participant variance components were 60% and 40% respectively. The model was not improved by inclusion of two-way interactions so we did not test the interaction of BDNF and 5-HTTLPR on morning salivary cortisol.
Predicting subsequent depressive episode onset
The differences in factors at entry together with undesirable life events over the follow-up period between those who developed a new depressive episode and those who did not are documented in Table 2 . At 12 months 175 (48%) of the 365 reassessed participants reported one or more undesirable life events prior to onset of episode or month of interview in controls. Of these, 70 (19%) reported a permanent loss, 94 (26%) a personal disappointment, 17 (5%) a personal danger, 41 (11%) and 46 (13%) a danger to a meaningful other (family member or 367 personal friend). Mental state reassessment showed that 41 (11%) had experienced an episode of depression between entry and follow-up. There were no significant differences in the proportion of participants reporting undesirable life events or depression onset by BDNF or 5-HTTLPR genotype. Individuals were more likely to report a depressive episode if they were female, had self-reported higher depression scores at entry, had higher morning waking salivary cortisol at entry and reported experiencing one or more undesirable life events. We analysed the risk of depression using multiple logistic regression with 357 (89%) participants who had full data. For the purposes of analysis both gene variants are collapsed into two groups each as follows: BDNF as ValBDNF (Val66Val, n = 268 (67%)) and MetBDNF (Val66Met + Met66Met, n = 133 (33%)); 5-HTTLPR as l/l-5-HTTLPR (l/l variant n = 155 (39%)) and s-5-HTTLPR (l/s + s/s variants n = 246 (61%)). The findings are shown in Table 3 . There are significant effects for higher antecedent depressive symptoms, higher morning salivary cortisol and subsequent undesirable life events. The effect of higher morning salivary cortisol is qualified by the two two-way interactions with Val66Val variant of BDNF and the 's' variant of 5-HTTLPR genes respectively. The latter results implicate both gene variants moderating the risk of morning waking salivary cortisol on subsequent depression onset. There were no effects of age, gender or minor depression on these results (online Tables  DS2-4 ). The power to detect significant associations at the 5% level was 61% for the interaction between BDNF and cortisol on risk of depression, and 44% for the interaction between 5-HTTLPR and cortisol. The power for main effects of BDNF and 5-HTTLPR was 64% and 57% respectively, although these were not our main interest. The probability of a new depressive episode occurring in the presence of morning waking cortisol by each gene is shown in Fig.1 .
This shows line plots of the probability of subsequent depression for morning waking salivary cortisol 6 5-HTTLPR (l/l v. l/s + s/s) and BDNF (Val66Val v. any Met variant) respectively from the model in Table 3 . The figure shows the moderating effects of each gene variant on the risk that elevated morning cortisol carries for the subsequent onset of a depression episode over the 12-month follow-up period. In each panel, the predicted risk from the logistic model described in the method above was calculated for each participant and the logittransformed risks then regressed back onto cortisol alone to give a smoothed marginal curve for our fitted model.
Discussion
We show for the first time that the onset of unipolar depression in adolescents can be predicted by a model including the moderating effects of two common gene variants within BDNF and the serotonin transporter on levels of morning salivary cortisol. In our risk sample each genetic variant had a significant two-way interaction with cortisol on the risk of depression.
Genetic influences on vulnerability for depression onset
Since more than 80% of depressive episodes arise in adolescents with prior psychosocial risks and elevated depressive symptoms, 28 the current findings are likely to represent antecedent patterns of vulnerability for depression onsets and pathophysiological mechanisms underpinning psychosocial-risk processes in a considerable proportion of the adolescent population in general. The findings also show that the risk effects of genetically sensitive elevations in cortisol are not confounds of the depressive symptoms at entry or proximal undesirable life events during follow-up. The absence of gene 6 social environment interactions may be because this is a moderate-risk sample with no low-risk participants, a function of selecting undesirable events close to onset of disorder rather than cumulative indices of social adversities over time and/or not including those difficulties arising from earlier in the life course. 29 Alternatively it may be because the mediating psychological processes such as individual differences in emotion processing and behavioural styles associated with event perception and occurrence have not been included in this study.
30,31
Possible influences of Val66Met BDNF on depression
As noted elevated glucocorticoid levels reduce BDNF mRNA expression in the hippocampus 8 and interfere with the ability of BDNF or serotonin-acting drugs to promote neurogenesis. 9, 10 We also noted a preliminary report suggesting that adults who carry the less common Met allele may be protected at the level of the brain from the deleterious effects associated with the short 's' allele of 5-HTTLPR.
14 From the current results we speculate that when adolescent carriers of the common Val66Val BDNF variant are exposed to subsequent undesirable life events the risk for corticoid-mediated neurotoxicity may be increased because of the less protective nature of this BDNF gene variant in the face of stress. If true this would result in a cascade of cellular events inhibiting synaptic plasticity and neurogenesis and diminishing the liability for adaptive response behaviour. This speculative mechanism is hypothesis generating and awaits further study preferably with a sample size that can test for a three-way relationship between BDNF Val66Met, 's' allele 5-HTTLPR and morning cortisol.
Implications of genetic influences on corticoidmediated risk
Overall the findings suggest that the two common genetic variants we studied are indexing functional interrelations between neurobiologically active systems and help to further specify morning waking salivary cortisol levels, a physiological endophenotype, as a biomarker for unipolar depressions emerging during adolescence.
Limitations
The modest sample size, data loss to follow-up and the power limitations in testing for moderator interactions limit any conclusions about causality for or specificity between our findings and affective disorder. Furthermore the selection of just two gene variants prevents a comprehensive interpretation of genetic effects on the social environment or the overall risk for subsequent affective disorders. Given the caveats surrounding the interpretation of gene-social environment interactions 8 the limitations represented by selection of single candidate gene variants in complex systems, 33 these findings require replication in other populations to understand the impact of stratification due to gender, psychosocial and other risk factors.
Further research
A prospective developmental life-course cohort study with a larger sample would yield a greater proportion of conversions to depressive status of differing forms (sporadic, recurrent and chronic unipolar, bipolar I or II and rapid cycling types) over a longer time period and provide the necessary replication or refutation. Future studies also need to include measures of lifetime childhood difficulties and life-course histories of mental illness as there may be programming effects on individual differences in morning cortisol arising from the environment perhaps in genetically sensitive individuals. 34 Measuring psychological processes may further characterise the mediating pathways between genes, cortisol and the social environment. For example, both 5-HTTLPR and BDNF gene variants may differentially influence reward processing and motivational incentives as well as response to negative mood 15, 35 but the relationships of these processes to morning cortisol levels and hence to subsequent depression remains unclear.
